Toward an understanding of the mechanisms controlling Preprotachykinin-A (PPTA) transcription, we introduced a 380-kb human yeast artificial chromosome containing the PPTA gene tagged with the ␤-galactosidase gene into transgenic mice. This resulted in a pattern of LacZ expression in the central nervous system (CNS) remarkably similar to that reported for PPTA mRNA in the rat. However, the human gene drove expression in areas of the mouse CNS not associated with strong PPTA expression in rodents but which have been shown to express PPTA in the human. This study clearly demonstrates the high degree of conservation of the mechanisms involved in PPTA transcription that has occurred throughout 100 million of divergent human and rodent evolution. This study also defines the maximum linear extent of the human PPT-A promoter. We believe these findings constitute the removal of a significant obstacle in studying the transcriptional regulation of the human PPTA gene in vivo.
INTRODUCTION
Substance P (SP) is a biologically potent neuropeptide that has been shown to have an involvement in motor behavior, neuroendocrine function, and nociception (Maggio, 1988; Pernow, 1983) . SP is produced from the preprotachykinin-A gene (PPTA), which also produces neurokinin-A (NKA), Neuropeptide-K, and neuropeptide-␥ (Bannon et al., 1992; Krause et al., 1987) . The removal of sequences encoding substance P (SP) and neurokinin-A (NKA) from the preprotachykinin-A (PPTA) gene in mice significantly reduces their ability to experience moderate to intense pain and neurogenic inflammation. The results of SP/NKA removal demonstrates the functional importance of PPTA expression in the dorsal root ganglia and dorsal horns of the peripheral nervous system (PNS; Cao et al., 1998; Zimmer et al., 1998) .
In addition to the PNS, PPTA mRNA has been localized to a diverse range of central nervous system (CNS) structures in the rat. These areas include the striatum, olfactory tubercle (particularly the Islands of Calleja), cerebral cortex (particularly the cingulate cortex), superior colliculus, amygdala, medial haberacular nucleus, substantia nigra, hypothalamus, periaqueductal grey, and the zona incerta (Brene et al., 1990; Harlan et al., 1989; Warden and Young, 1988) . In humans PPTA mRNA has also been found to be strongly expressed in areas such as the mammillary bodies of the hypothalamus and the dentate gyrus (Hurd et al., 1999) . Several studies suggests a neuroprotective role for PPTA in the CNS in that SP can enhance neural growth in vitro (Iwasaki et al., 1989) , can counteract the effects of neurotoxins administered to animals (Krasnova, 2000) and has mnemogenic and anxiolytic properties in vivo (Hasenohrl et al., 1998) . Furthermore, SP/PPTA expression has also been studied in response to several neurodegenerative disorders. For example, Parkinsons dis-ease (Gresch and Walker, 1999) Alzheimers disease (Bouras et al., 1990) and Huntington disease (Richfield et al., 1995) are all associated with a progressive loss of PPTA and SP expression within the brain. This gene, therefore, exhibits both tissue specific and inducible expression, in the latter such regulated expression might be mechanistically correlated with progression of disease.
Many in vitro studies have been successful in demonstrating transcriptional activity around the proximal promoter (Fiskerstrand and Quinn, 1996; Fiskerstrand et al., 1999a Fiskerstrand et al., ,1999b Mendelson et al., 1998; Morrison et al., 1994a Morrison et al., ,1994b Quinn et al., 1995a Quinn et al., ,1995b . However, in vivo studies with as much as 10kb of the rat PPTA proximal promoter have proven less successful (Harmar et al., 1993) ; Allan Basbaum, personal communication; Tony Harmar, personal communication) . This indicates that elements influencing the expression of the PPTA gene may lie at some distance from the major start site of transcription. This is consistent with the promoters of several other genes. For example, elements regulating the expression of the tyrosine kinase gene were found to lie at Ϫ12 kb (Montoliu et al., 1996) , in the case of the Myf gene elements were found to lie between 50 and 95 kb of the gene start site (Zweigerdt et al., 1997) . Furthermore, elements controlling the expression of the human ␤-globin gene were found at Ϫ60 kb (Porcu et al., 1997) . With this in mind we set about introducing a human yeast artificial chromosome (YAC) into mice to produce an in vivo model of human PPTA expression (Lamb and Gearhart, 1995) .
We have succeeded in generating mouse transgenic lines, which strongly and specifically expresses the bacterial ␤-galactosidase (LacZ) gene in most if not all of the regions of the CNS that have been shown to express the PPTA gene by in situ hybridization in the adult rat (Brene et al., 1990; Harlan et al., 1989; Warden and Young, 1988) . This study demonstrates that the molecular mechanisms involved in PPTA expression pattern generation have been strongly conserved throughout evolution between human, rat and mouse. Significantly, human specific expression patterns in the mammillary body, the dentate gyrus and the cerebellum are produced in areas of the transgenic CNS not normally associated with PPTA gene expression in rodents but which are associated with PPTA expression in humans.
RESULTS
The GenBank database (NIH) shows that, with the exception of the PPTA gene and the Asparagine synthase gene at the 3Ј end of PAC clone AC005327, an area of sequence not included in the YAC (Fig. 1A) , none of the PAC and BAC clones described in Fig. 1A contain any significant open reading frames or EST marker sites. We concluded from this that the chances of other active genes remaining undetected within the sequence of YAChPPTLacZ were remote. Flourescent in situ hybridization (FISH) analysis of human metaphase chromosome spreads using YAChPPTLacZ as probe demonstrated that YAChPPTLacZ was nonchimeric as only one signal was obtained within the nucleus at the correct locus (7q21.1; Figs. 2A and 2B ). Two transgenic mouse lines were generated by oocyte microinjection (117 and 143) using YAChPPTLacZ DNA.
All the PCR primer pairs used for the analysis ( Although we accept that this data does not prove conclusively that shearing has not occurred during injection of the YAC it is consistent with the hypothesis that the injected YAC has remained intact.
Expression of the transgene was compared to rat PPTA mRNA expression, as opposed to immunohistochemical data, as peptides produced from the PPTA gene may be transported to areas of the brain some distance from their site of production. We have included adaptations of rat PPTA expression data for comparison because the rat is the most completely characterised model using mRNA in situ hybridization (Brene et al., 1990; Harlan et al., 1989; Warden and Young, 1988) . In addition, all the literature describing PPTA mRNA or substance P expression in the mouse brain strongly suggests that little divergence of PPTA expression has occurred between mouse and rat brain in any of the areas described here (Airaksinen et al., 1992; Chesselet et al., 1987) . Except where specifically mentioned the following description of the LacZ expression patterns obtained refer to both lines.
Forebrain. Expression of LacZ in both the anterior olfactory nucleus (Harlan et al., 1989) and the islands of Calleja of the olfactory tubercle ( Fig. 3A ) are entirely consistent with the published data in the rat ( Fig. 3B ; Brene et al., 1990; Harlan et al., 1989; Warden and Young, 1988) . In addition, strong and consistent LacZ staining was observed in the caudate putamen ( Fig. 3C ), which bore a striking similarity to expression patterns previously reported ( Fig. 3D ; Brene et al., 1990; Harlan et al., 1989; Warden and Young, 1988) .
The observed LacZ staining in the cortex and particularly the cingulate cortex (Figs. 3C and 3E) are also consistent with rat PPTA mRNA expression previously described where PPTA transcripts were reported in the cerebral cortex of the rat (Figs. 3D and 3F; Warden and Young, 1988) with distinctly higher transcript levels observed in the cingulate cortex (Brene et al., 1990) .
Midbrain. LacZ staining was observed in the ventromedial and dorsomedial hypothalamus and the interpeduncular fossa where PPT mRNA has been previ- ously found in the rat (Figs. 3E and 3G and 4C; Warden and Young, 1988) . However, expression in the rat mammillary body (Figs. 3G and 4C) was not mentioned in the rat literature.
LacZ staining in the superior colliculus (Figs. 3G and 3H), the peri aqueductal grey, the medial habernacular nucleus (Figs. 3E and 3F) and the amygdaloid nucleii (Figs. 3E and 3F) occured in a similar pattern to that previously described for PPTA mRNA in the rat (Figs. 3G and 3H; Warden and Young, 1988) . Substantia nigra was seen to stain strongly with LacZ in an area corresponding to the reticular substantia nigra, (Fig. 4A ). This expression pattern was not reported by Warden and Young (1988) who make specific reference to a lack of expression in the rat substantia nigra. However, expression of PPTA transcripts in the rat substantia nigra is refered to by Brene et al. (1990) .
LacZ was expressed in the pyramidal cell layer of the hippocampus of our human YAC transgenic model (Figs. 3E, 3F, and 4B), which is an area where PPTA transcripts are known to localise in the rat (Fig. 3F) . However, our human YAC transgenic model also expresses LacZ within cells of the dentate gyrus (Fig. 4B ) and the thalamus (Figs. 3E and 3G) , areas of the physiologically normal rodent brain considered specifically bereft of transcripts by Warden and Young (1988) .
Hindbrain. Expression of PPT was reported by both Warden and Young (1988) and Harlan et al. (1989) nucleus of the solitary tract in a pattern very similar to LacZ expression described here (Figs. 4D-4F ). However, Strong LacZ staining was also observed in the cerebellum of both lines (Fig. 4E ). This pattern occurred most strongly in line 143 but also occurred to a lesser degree in line 117 (Fig. 4E) . None of the literature on expression of rat PPTA mRNA described high levels of expression in the rodent cerebellum (Brene et al., 1990; Harlan et al., 1989; Warden and Young, 1988) .
Spinal cord and DRG. LacZ Staining was observed to occur in a subpopulation of cells within the soma of the DRG (Fig. 4G) , which is consistent with published data (Noguchi et al., 1988) .
Staining in the whole mount spinal cord occurred in two dorsal stripes that converged caudally throughout its length (Fig. 4H) . When sectioned, LacZ staining in the spinal cord was observed to occur in lamina 1, 2, and 3 of the dorsal horn (Fig. 4I ). This expression profile corresponds very well to the expression pattern of SP/ PPTA mRNA within the spinal cord described in the literature ( Fig. 4J ; Harlan et al., 1989; Warden and Young, 1988) . There are a growing number of examples in the literature that contradicts the supposition that the promoters governing the expression of highly conserved genes have also been strongly conserved. For example several nonmouse gene promoters that have been introduced into transgenic mice which have not been able to direct appropriate expression of marker genes to the areas expected. These promoter elements include those of the human glucagon gene (Nian et al., 1999) , the equine glycoprotein hormone ␣-subunit gene (Farmerie et al., 1997) , the human and chick type X-collagen gene (Beier et al., 1996) , and a lamprey homeobox gene (Carr et al., 1998) . We have used a 380-kb human YAC construct containing the PPT gene, tagged with the LacZ gene, to determine whether the promoter of the human PPTA gene could drive relevant expression of a marker gene within the mouse. Once transgenic mouse lines were constructed it became clear that the human gene could drive expression of the LacZ gene in the mouse in a pattern remarkably similar to that described for the rat (Brene et al., 1990; Harlan et al., 1989; Warden and Young, 1988) .
DISCUSSION
The slight expression pattern differences shown between lines 117 and 143 may be a reflection of the random integration events of YAC DNA into separate foreign genomic sites. However, we have also observed that differences in expression patterns within each line are apparent between littermates (data not included). Therefore, differences between both lines may also represent the dynamic nature of human PPTA gene promoter activity. We have compared the expression of the transgene in two different lines to demonstrate that the patterns generated, while undoubtedly affected by their different sites of integration, remain highly representative of the known PPTA mRNA and SP expression patterns in the rat, human, and mouse as described above.
The clear conclusion of this study is that a high level of evolutionary conservation has occurred in the mechanisms governing the expression of the PPTA gene throughout the 100 million years of divergent evolution of mice, rats, and humans. We believe that this high degree of conservation, which was known to exist within the coding region of the PPTA gene and has now been demonstrated to exist within its promoter, underlines the importance of the products of the PPTA gene. Furthermore, we believe that the discovery that the human PPTA gene promoter can operate in the mouse is a major step forward in studying human PPTA transcriptional regulation in vivo. This trangenic model lays the foundation for definition of tissue specific and stimulus inducible expression in vivo by future deletion and mutation of the YAChPPTLacZ construct. Harlan et al., 1989; D, F, and H; adapted from Warden and Young, 1988 
The Human PPT Promoter Can Produce Ectopic "Human" PPT Expression Patterns in Areas of the Mouse CNS
Although we have demonstrated that a high proportion of the expression patterns generated by the human YAC strongly resembles published rat PPTA mRNA expression certain LacZ patterns observed within the CNS do not resemble those of the rat. These include those found in the mammillary body, the cerebellum, and the dentate gyrus. Expression of LacZ in these areas may reflect the normal expression of PPTA in the mouse as distinct from rat. However, a recent study in the human brain specifically refers to a strong expression of PPTA in the human mammillary body and dentate gyrus (Hurd et al., 1999) . We hypothesize that the expression of LacZ generated by the human PPTA containing YAC within the mammillary body and dentate gyrus of the mouse constitutes an ability of the human promoter to redirect expression of the marker gene to cells, within the mouse, that would not ordinarily express significant levels of PPTA. Moreover, studies have also noted that PPTA transcript levels in the cerebellum of Huntington disease victims are significantly elevated (Beal et al., 1988) . The expression of LacZ in the cerebellum of our transgenic mice may reflect an aspect of human PPTA expression that may only occur in humans during pathogenesis. This strongly indicates that differences in the patterns of PPTA expression between species are a function of divergent evolution of promoter sequence in contrast to variations of transcription factors that would regulate promoter activity.
The YAChPPTLacZ Construct Drives Expression in Areas Not Represented in the Published Data
None of the rat studies mentioned above report of any PPT mRNA expression in the thalamus (Brene et al., 1990; Harlan et al., 1989; Warden and Young, 1988) . In addition, only low levels of expression were reported in the human thalamus (Hurd et al., 1999) . Without the supporting evidence demonstrating PPT expression in these areas it is difficult to reconcile these patterns with normal PPT promoter function. These patterns cannot represent integration effects as the same patterns were generated within both lines. They may, however, represent normal aspects of murine PPT expression. Another alternative, and more likely explanation, is that mRNA expression in these areas within the rat and human brain is normally so low as to be out with the detection limit of normal in situ hybridization.
The Human YAC PPTA Transgenic System Can Be Used to Delineate Enhancer/Repressor Domains and the Roles of the PPTA Gene in the CNS during the Progression of Disease States
We have defined the maximum linear extent of the human PPTA gene and its promoter responsible for controlling its expression within the CNS. It is highly likely that the minimal linear extent of the promoter will prove to be substantially smaller. We will systematically delete large sections of the YAC construct as described to delineate domains involved in the tissue specific and inducible expression of this gene as previously described (McKee-Johnson, 1996) .
We have preliminary evidence suggesting that our lines contain up to four copies of the human PPTA gene. Furthermore, because the introduction of the ␤-galactosidase gene into the human PPTA only affected exon 7, the integrity of much of the PPTA coding sequence, including those of exons 3 and 6, which encode for SP and NKA, respectively, remains. Current opinion within murine genetics now suggests that the over expression of genes may be very useful in determining gene function (Magdaleno and Curran, 1999) . Therefore, we believe that these transgenic models will be invaluable in ascertaining the possible contributions of the PPTA gene in the production of several disease states. For example, recent studies have shown a strong correlation between the incidence of epilepsy, SP, and the integrity of the dentate gyrus in a rodent model (Liu et al., 1999; Liu, 2000) . All these findings lead to the hypothesis that expression or addition of SP/PPTA in the rodent hippocampus and dentate gyrus, where it is not expressed under normal physiological conditions, results in seizure. How can this data be reconciled with the apparently contradictory observation that high levels of PPTA mRNA are expressed in the dentate gyrus of apparently healthy normal human subjects (Hurd et al., 1999) ? We believe that the study of a mouse model of human PPTA expression may go some way in conciliating these bodies of data.
EXPERIMENTAL METHODS
Production of shuttle vector. A 3-kb SalI-PstI fragment containing exon 7 was isolated from a human EMBL3 SP6/T7 genomic -phage library and cloned into pGEM5z (Promega). A polylinker containing a NotI, XhoI, SacII, and BamHI sites (MWG Biotech) was cloned into the exon 7 sequence in place of a native 700-bp MfeI fragment (Fig. 1B) . The yeast metabolic marker gene Ade2 was cloned into the SacII-BamHI sites of this polylinker (see Fig. 1C ). The LacZ marker gene driven by a viral internal ribosome entry site (IRES) and terminating in a simian virus 40 (SV40) poly adenylation site was then cloned into the NotI-XhoI sites of the polylinker (see Fig. 1C ). The shuttle vector was then released from its plasmid backbone by digestion with NheI and FseI.
Production of recombinant YAC (YAChPPTLacZ).
A human ICI YAC library, obtained from the MRC HGMP resource center, was probed with human PPTA DNA. Three positive YAC clones containing the PPTA gene were detected and found to be nonchimeric by fluorescent in situ hybridization analysis on human chromosomes using the YAC clones as probes as described (Niederfuhr et al., 1998); Figs. 2A and 2B) . Yeast clones containing the largest YAC were Lithium acetate transformed with the shuttle vector as described (McKee-Johnson, 1996) and clones which grew on SD Glucose medium lacking adenine were isolated (Markie, 1996) . Homologous recombinant clones were determined by hybridisation of a radioactive probe to a nylon blot (Hybond, Amersham Pharmacia) endonuclease restricted Southern blotted total yeast DNA (see Fig. 1D ).
Production of YAChPPTLacZ transgenic lines. YAChPPTLacZ DNA was isolated from yeast cultures as described (Schedl, 1996) . Transgenic mice were generated as described (Hogan, 1995) . YAChPPTLacZ DNA was microinjected at a concentration of 8 ng/l into the pronucleii of one-cell embryos derived from superovulated CBAxC57BL/6 Fl females. Surviving injected eggs were transferred into pseudopregnant CD1 females.
PCR analysis of transgenic lines. Tail Tip biopsies were processed as described (MacKenzie and Quinn, 1999) . Determination of YAC integrity was performed using a variety of PCR primer pairs on tail biopsy DNA samples. PCR detection of the YAC left and right arms (data not shown; Ragoussis, 1996) demonstrated integrity at the extreme limits of the YAC (Fig. 1A) . In addition, several other primer pairs were used which confirmed the integrity of human sequences between the YAC arms. Internal human YAC sequence used to design these primers were derived from the known sequences of overlapping bacterial and P1 artificial chromosome clones (BAC and PAC; Fig. 1A) .
The following primers were derived from these sequences using Vector NTI (f; forward primer, r; reverse primer; Fig. 1A ): Left arm primer pair (Ragoussis, 1996) : YACLR1, 5Ј GTG TGG TCG CCA TGA TCG CG 3Ј; YACLP, 5Ј ATG CGG TAG TTT ATC ACA GTT AA 3Ј; Primers derived from AC003085: Rbac120 f, 5ЈAGG AAA CCC AGG GCC TTT AAA A 3Ј; Rbac120 r, 5ЈGGG ACA AAA CAT CCA AAC CAG A 3Ј; Rbac30 f, 5ЈATG GGC TTT CCT TTG AGG GTA A 3Ј; Rbac30 r, 5ЈGAA ATG AGC AAA GCC TCC AAG A 3Ј; Rbac0 f, 5ЈTTG AGG CTT GCA CCG TCT GA 3Ј; Rbac0 r, 5ЈTCC CCA GAG ATT TGC GGA A 3Ј; Primers derived from AC004140: PPT30 f, 5Ј CCA CCC CAC CAA TGC AGC T 3Ј; PPT30 r, 5Ј GGA GAG TGG GGT GAC CAG GTA AT 3Ј; Primers derived from AC005327: Lpac100 f, 5Ј ACA AGG AGA TGC TGT GGG GTG 3Ј; Lpac100 r, 5Ј TCC TCC AGG TGC ACA CTC TAC AC 3Ј; Lpac80 f, 5Ј TTA CCA GTC CAT GTC TGC ATT GTG 3Ј; Lpac80 r, 5Ј CCC AAA TCC GAA AGA CAG GAA A 3Ј; STS3991 f, 5Ј GAA ATA TCC TCT TGT TCA TC 3Ј; STS3991 r, 5Ј GAA TGT AAA GGT GTC TTA G 3Ј; Right arm primer pair (Ragoussis, 1996) : YACRP, 5ЈGAT CAT CGT CGC GCT CCA AGC GAA AGC 3Ј; YACRR3,5Ј CTC GCC ACT TCG GGC TCA 3Ј.
LacZ analysis of transgenic lines. Mice of between 10 and 12 weeks of age were humanely sacrificed using CO 2 and fixed by perfusion using 5% formaldehyde in phosphate-buffered saline (FPBS). Following dissection, whole brains, spinal cord, and DRG were fixed for 4 h in FPBS at 4°C until sufficiently firm for vibratome sectioning. Frontal sections (200 m) were LacZ stained as described (Hogan, 1995) .
Flourescent in situ hybridization (FISH) analysis of mouse lines. Transgenic mice from both lines were humanely sacrificed and their spleens were placed in Dulbecco modified Eagles medium (DMEM) cell cul-ture medium. FISH analysis was carried out as described (Niederfuhr et al., 1998) .
